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Catch bonds are bonds between a ligand and its receptor that are enhanced by mechanical force pulling the
ligand-receptor complex apart. To date, catch-bond formation has been documented for the most common
Escherichia coli adhesin, FimH, and for P-/L-selectins, universally expressed by leukocytes, platelets, and
blood vessel walls. One compelling explanation for catch bonds is that force-induced structural alterations
in the receptor protein are allosterically linked to a high-affinity conformation of its ligand-binding pocket.
Catch-bond properties are likely to be widespread among adhesive proteins, thus calling for a detailed un-
derstanding of their underlying mechanisms and physiological significance.‘‘Everything flows, nothing stands still.’’ - Heraclitus of
Ephesus
Introduction
By definition, adhesive interactions must withstand tensile force
to one extent or another. In biological systems, the mechanical
force is derived from shear stress and/or active contraction pow-
ered by molecular motors.
Living organisms, unicellular or multicellular, consist mostly of
water-based fluids, and their flow along a surface creates
a shear stress that drags along everything that is on it. Resisting
removal by shear stress can be considered a critical character-
istic of biological adhesion, because most adhesive interactions
between bacterial and/or eukaryotic cells or between cells and
noncellular surfaces are initiated and then sustained under con-
ditions with some flow. The shear is created, for example, by
flow from the heart pumping blood, saliva or tear secretion, eye-
lid blinking, intestinal peristalsis, emptying of the urinary blad-
der, lung mucus movement by ciliated epithelium, or gum chew-
ing. Vascular endothelial cells are exposed to fluid shear
stresses that are typically 1–2 dyn/cm2 on the venous side
and 10–20 dyn/cm2 (up to 50 dyn/cm2) on the arterial side of
the circulation (Davies, 1995; Guo et al., 1995). Shear stress
generated at the tooth surface by salivary flow is approximately
0.8 dyn/cm2 (Prakobphol et al., 1999). Urine flow creates shear
of 0.17 dyn/cm2 in the proximal renal tubule (Essig and Fried-
lander, 2003). The dragging force on the adhesive bonds in-
creases with an increase in fluid velocity and viscosity as well
as with the diameter of the attaching cell and the angle between
the receptor-ligand tether and adhesive surface (Thomas, 2008)
(Figure 1A).
Upon initiation of adhesion, the adhesive bonds must accom-
modate the need to sustain attachment and, at the same time,
allow for the movement of migratory eukaryotic cells, or bacterial
cells spreading along the colonizing surface. These processes314 Cell Host & Microbe 4, October 16, 2008 ª2008 Elsevier Inc.involve the continuous formation and breakage of cell-surface
or intercellular interactions (as reviewed in Vogel and Sheetz,
2006). In these processes, cytoskeletal rearrangements or
retraction of adhesive organella can play the major role and
provide an additional source of tensile stress on the adhesive
receptor-ligand bonds.
Slip Bonds Versus Catch Bonds
According to conventional wisdom, if interacting molecules are
being pulled apart by tensile force, the probability that the
bond will break increases with force (Bell, 1978; Dembo et al.,
1988; Evans and Ritchie, 1997); i.e., the ligand should slip out
of the binding pocket more rapidly under higher tensile force
(Figure 1B). Thus, these types of force-inhibited interactions
are called ‘‘slip’’ bonds (Dembo et al., 1988). When adhesive in-
teractions are based on slip bonds, the strongest adhesion un-
der flow is expected to occur at the lowest shear stress where
force is the weakest. Indeed, for many bacteria that bind to tis-
sues or other surfaces under fluid flow, it was shown that shear
stress both prevents bacterial attachment and washes off bacte-
ria that are already bound (Christersson et al., 1988; Shive et al.,
1999; Prakobphol et al., 1995).
Several studies, however, indicated that in some instances
shear stress seemed not to inhibit, but actually to promote adhe-
sion. For example, it was known that in order for a platelet to bind
to a surface coated with the plasma protein, von Willebrand fac-
tor, a certain level of shear stress was required (Savage et al.,
1996; Kroll et al., 1996; Fredrickson et al., 1998). Also, it became
clear that without shear, leukocytes do not bind to an endothelial
or P-selectin glycoprotein ligand-1 (PSGL-1) coated surface, but
above a certain shear threshold, they are able to attach in a rolling
fashion (Finger et al., 1996). If the flow is reduced, the rolling cells
completely detach from the surface. In experiments with bacte-
ria, it was noticed that under shear stress induced by a rotational
viscometer, the bacteria-induced agglutination of red blood cells
occurred significantly more rapidly and that the clumps were
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1989; Brooks and Trust, 1983a, 1983b). It has also been reported
that increased shear stress results in an increase in the number
of S. aureus adhering to a collagen-coated surface (Li et al.,
2000). Different explanations have been advanced to explain
the observations of shear-enhanced adhesion from a slip-bond
perspective. The platelet binding requirement for shear has
been explained by a need for von Willebrand factor to unravel
its structure under high fluid flow, exposing a cryptic ligand-bind-
ing pocket (Siedlecki et al., 1996; Schneider et al., 2007). For the
shear threshold of leukocyte rolling, it has been proposed that in-
creased flow rate results in faster formation of adhesive bonds.
That is, increased shear increases the rate at which bonds
form more than the rate at which they break (Dwir et al., 2000).
Also, deformation of the cellular shape under flow could increase
the number of selectin molecules involved in the adhesive inter-
actions. The shear-enhanced bacteria-erythrocyte clumping
was proposed to be driven by the increased mobility and, thus,
clustering of the receptors along the membrane when shear is
applied (Brooks and Trust, 1983b).
All these slip bond-based models are plausible and could have
merit in explaining, at least in part, the described phenomena of
shear-enhanced adhesion. However, another concept has been
advanced that postulates the existence of receptor-ligand inter-
actions that are activated by force (i.e., an increase in shear de-
creases the bonds dissociation rate) and that are therefore differ-
ent from slip bonds, where bonds dissociate faster under force
(Dembo et al., 1988). These counterintuitive force-strengthened
bonds were named ‘‘catch’’ bonds by Dembo et al. (1988) to dis-
tinguish them from slip bonds. While this study postulated an al-
ternative concept of bond behavior under stress (and suggested
the quite ‘‘catchy’’ bond nomenclature), it was still purely theo-
retical in nature and mathematical in format, without any exper-
imental evidence for the existence of catch bonds, or a structural
model for their possible mechanism. It also assumed an infinite
increase in bond strength under increasing tensile force, which
is impossible, as any bond in nature would break under sufficient
force. However, correcting for this limitation of the model, the de-
pendence of a catch bond’s lifetime on force can be illustrated as
follows: at low force the bonds are weak and relatively short
lived; with force increase, the bond’s strength (i.e., lifetime)
would increase to a certain level, after which a further increase
in force would eventually break the bond (Figure 1C).
Figure 1. Dragging Force and Its Effect on Slip or Catch Bonds
(A) Schematic presentation of drag force on an adhering cell.
(B) Dependence of the lifetime of receptor-ligand interactions on the force level
in slip bonds.
(C) Same but in catch bonds. Note that the full-in ligand configuration corre-
sponds to strong binding (low probability of the bond dissociation), while
half-in ligand or open receptor configurations correspond to weak binding
(high probability of the bond dissociation).Despite this presentation of the catch-bond concept in 1988,
none of the studies prior to 2002 that reported shear-enhanced
adhesion invoked the idea of force-enhanced bond lifetime to
explain the observed phenomena.
Experimental Evidence for Catch Bonds
The first experimental study that claimed to identify a force-en-
hanced receptor-ligand interaction utilized Escherichia coli that
possess type 1 fimbriae. Also called pili, these hair-like surface
appendages present on their tip a mannose-binding adhesin,
the 30 kDa protein FimH. In this study (Thomas et al., 2002), fim-
briated bacteria were immobilized on the surface of a flow cham-
ber. Then, guinea pig red blood cells (rich in mannosylated glyco-
proteins) were loaded on the bacterial carpet; the washing buffer
was flowed at different rates and the behavior of the erythrocytes
on the surface was monitored by video microscopy. When the
buffer flow was slow (creating shear stress of 0.02 dynes/cm2)
red blood cells that were attached to the bacterial carpet moved
along the surface (Figure 2A). When the washing buffer was fed
into the flow chamber at an increased velocity, the rolling velocity
at first increased, but then suddenly dropped, with all red blood
cells becoming stationary at a shear of 0.8 dynes/cm2. Thus, the
binding strength between red blood cells and the mannose-spe-
cific fimbriae of E. coli was enhanced by shear.
Unlike the previous studies that reported shear-enhanced ad-
hesion, special attempts were made in the Thomas et al. study to
determine whether the phenomenon had a structural origin, i.e.,
whether it was dependent on the effect of tensile force on the
intrinsic properties of individual bonds. A mutant form of the
adhesive protein, FimH, was identified that mediated shear-
independent binding, where the red blood cell binding was
already strong under the lowest shear (Figure 2A). This FimH
V156P mutation did not affect the number or morphology of
the fimbriae, nor did it increase the amount of adhesins per
fimbria. Instead, steered molecular dynamics (SMD) simula-
tions were used to predict that this mutation would ease
a conformational change in FimH expected to be induced
by shear-originated mechanical force—extension of a short
linker chain connecting the lectin (mannose-binding) domain of
FimH with its pilin (fimbria-incorporating) domain. These simula-
tions were also used to predict point mutations that would
Figure 2. Experimental Evidence for Catch Bonds
(A) Rolling velocity of red blood cells over a carpet of type 1-fimbriated E. coli,
dependent on shear level (red—shear-enhanced wild-type FimH; blue—shear-
independent V156P FimH mutant) (adapted from Thomas et al., 2002).
(B) Accumulation of type 1 fimbriated E. coli on a mannosylated surface, de-
pendent on shear level (red—wild-type FimH; blue—V156P FimH mutant)
(adapted from Thomas et al., 2004).
(C) Lifetime of P-selectin-PSGL-1 bonds, dependent on the level of tensile
force applied by AFM (adapted from Marshall et al., 2003).Cell Host & Microbe 4, October 16, 2008 ª2008 Elsevier Inc. 315
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with these mutations were even more dependent on shear stress
for strong adhesion than were the wild-type FimH bacteria. Also,
shear-enhanced adhesion was dependent on shear stress (i.e.,
force) but not flow rate arguing against a possible impact of
the cell deformation on the increased adhesion strength. Thus,
it was proposed that shear-enhanced FimH-mediated adhesion
depends on a conformational change (linker extension) in FimH
that, according to SMD, occurred under tensile force after the
mannose binding, thus affecting (decreasing) the bonds OFF
rates. This was in contrast to prior studies on shear-enhanced
cell adhesion that suggested that the phenomenon was caused
by increased ON rates of the bonds, i.e., by kinetic factors that
play roles before the bond is formed (Savage et al., 1996; Chang
and Hammer, 1999; Chen and Springer, 1999).
An independent followup review article immediately called the
FimH-mannose bond the long-sought counterintuitive catch
bond (Isberg and Barnes, 2002). The idea that catch bonds
were due to intrinsic properties of the FimH-mannose bond
was further supported in the next experimental study on FimH
where the shear-enhanced binding of type 1 fimbriated E. coli
was also shown using free-floating bacteria and mannose
BSA-coated plastic surfaces (Thomas et al., 2004). Binding of
the bacteria to the mannosylated surface was low (and in a loose
rolling mode) at low shear, but increased more than 10-fold (and
switched to strong stationary mode) with shear increase
(Figure 2B). The shear-independent FimH V156P mutant ex-
hibited high and stationary binding already under low shear
(Figure 2B). The shear-enhanced binding of FimH was also later
shown in a bacteria-free setting, by adhesion of mannose-
coated microbeads to surface-immobilized fimbriae (Forero
et al., 2004).
Although the original claims of discovering force-enhanced
adhesion were based on strong supportive evidence from the
FimH binding, at that time there was room for other interpreta-
tions. A direct proof for the existence of catch bonds had to
come from single-molecule studies where the response of indi-
vidual receptor-ligand interactions to tensile force could be mea-
sured. In the first such study (Marshall et al., 2003), coming soon
after the original FimH report, atomic force microscopy (AFM)
was used to stretch a bond between P-selectin and its ligand,
PSGL-1. P-selectin is a receptor protein expressed by activated
endothelial cells that recognize LewisX oligosaccharide of
PSGL-1 expressed on the surface of leukocytes. As mentioned
above, leukocyte binding to the endothelium (manifested in
surface rolling) requires a certain shear threshold—i.e., is depen-
dent on or enhanced by shear. This surface rolling allows cells to
slow down in rapidly flowing blood enough to interact with other
signals in the vessel wall and is involved in immune responses,
inflammation, hemostasis, and thrombosis. An AFM cantilever
was coated with PSGL-1 and used to probe a supported lipid
bilayer containing P-selectin. Upon formation of a single P-selec-
tin-PSGL-1 bond, the cantilever was pulled away to create a
certain level of constant force on the bond. The time it took for
the bond to break (dissociate) under a defined force load was
recorded. The lifetime of bonds steadily increased with an incre-
mental rise in the level of force from 5 pN to 11 pN (Figure 2C). A
further increase in tensile force resulted in the increase of disso-
ciation rate as the bonds were overpowered by excessive force.316 Cell Host & Microbe 4, October 16, 2008 ª2008 Elsevier Inc.The increase in bond strength with a moderate force could not
be explained by a slip-bond mechanism of the interaction, but
corresponded well with the bonds behaving according to the
catch-bond concept.
The experimental studies on P-selectin-PSGL1 adhesive inter-
actions provided solid evidence for the existence of catch bonds
in nature, prompting a declaration that catch bonds were ‘‘finally
caught’’ (Konstantopoulos et al., 2003). In a recent study, single-
molecule AFM experiments have also demonstrated that the
FimH-mannose interaction is enhanced by pulling force (Yako-
venko et al., 2008), affirming the accuracy of the original claim
that E. coli FimH forms catch bonds.
Several additional studies demonstrated that other receptor-
ligand interactions exhibit catch-bond properties. L-selectin
was shown to have catch-bond properties by using AFM pulls
with PSGL1 and endoglycan ligands or by measuring lifetimes
of the transient cell/microsphere tethers (Sarangapani et al.,
2004), and catch bonds were shown to underlie the L-selectin-
mediated shear-dependent rolling of leukocytes (Yago et al.,
2004). In a study using optical tweezers, the interaction of the
motor protein myosin and filamentous actin (an interaction which
drives cellular contractility) was shown to display catch-bond
behavior as well (Guo and Guilford, 2006). Lastly, catch bonds
have been proposed in the shear-enhanced interaction of
FimH with another distinct ligand—trimannose, where interac-
tion is much stronger than with a single mannose ligand (Nilsson
et al., 2006).
Models Proposed for the Catch-Bond Mechanism
How does pulling apart make the interaction stronger? Currently,
there are insurmountable technical difficulties in observing suffi-
cient atomic-level details of the structural changes occurring in
proteins and their ligands under mechanical tension. Thus,
most of the predictions for how catch bonds work have been
made by fitting the kinetics of adsorption and unbinding with
mathematical models. Four major models have been advanced
in recent years:
(1) The two-pathway model is where the ligand can exit from
the binding pocket of the receptor via two different ways
(pathways with different energy barrier heights)—one rel-
atively easy and another not as easy—and where a suffi-
ciently strong force only allows the ligand to escape via
the difficult pathway (Pereverzev et al., 2005a, 2005b).
This mechanism can be similar to two hooks locked to-
gether and which can easily separate if they are not being
pulled against each other, but catch one another stably
when tensile force is applied.
(2) The deformation model is where tensile force directly
causes a conformational change of the binding pocket
and/or ligand, resulting in a tighter fit (Pereverzev and Pre-
zhdo, 2006). This model is somewhat analogous to the
mechanism underlying the ‘‘finger-trap’’ toy—a short
mesh tube that narrows and tightens when stretched by
fingers inserted in each end, effectively gripping and en-
trapping them inside the tube.
(3) The sliding-rebinding model is where flexibility of the re-
ceptor protein under force leads to alignment of the ligand
and binding pocket interface in parallel fashion, allowing
Cell Host & Microbe
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and Potential Catch-Bond Receptor Proteins
Ligand-binding pockets are indicated by the red arrow.
(A) FimH adhesin in complex with FimC chaperone (in
gray), with pilin domain (blue), lectin domain (orange),
and bound mannose (green).
(B) P-selectin EGF and lectin domains. The magenta struc-
ture was cocrystallized with PSGL-1 (cyan), while the gold
structure is ligand free. The two structures are aligned on
the EGF domain to show the swing of the lectin domain
(indicated by black arrow) that can occur upon binding
to PSGL-1.
(C) Structure of beta-3 integrin I and ‘‘thigh’’ domains in the
low-affinity state (blue) and high-affinity state (magenta).
The two are aligned by the ‘‘thigh’’ domain; the I-domain
binds ligand, and the swing of I-domain is indicated by
black arrow (a ligand-mimetic present in the binding
pocket of the swing out conformation is omitted).
(D) CfaE adhesin of enterotoxigenic E. coli, with lectin do-
main (yellow) and pilin domain (purple) with self-comple-
menting b strand (pink).new binding contacts to form and the original contacts to
rebind (Lou et al., 2006; Lou and Zhu, 2007).
(4) The allosteric model is where force-induced structural
alterations in one part of the receptor protein are linked
to a shift from low- to high-affinity conformation of the
ligand-binding site located in another part of the protein
(Thomas et al., 2006; Yakovenko et al., 2008). The two-
state model (Barsegov and Thirumalai, 2005; Evans
et al., 2004) is mathematically similar in most respects
to the allosteric one.
All four models have been more or less fitted quantitatively to
the experimental catch-bond data. Unfortunately, quantitative
fittings have only limited success in determining the actual struc-
tural mechanism involved. Another strategy is to use computer
SMD simulations of available crystal structures to predict how
the protein conformation might change under force conditions
at an atomic level, and how specific structural mutations might
affect the dynamic binding properties. The two-pathway and de-
formation models have not been related to particular conforma-
tional changes at the atomic level in the protein structures and
thus remain untested to date. In contrast, atomic simulations
have led to the development and, importantly, some experimen-
tal testing of two other models—the allosteric model for FimH
and the sliding-rebinding model for P-selectin.
Mechanism Underlying the FimH-Mannose Catch Bond
As mentioned above, FimH is located on the tip of the type 1 fim-
brial rod that mostly consists of the major (pilin) subunit, FimA.
According to the FimH crystal structure (Choudhury et al.,
1999), the distally located mannose-binding lectin domain is
connected via a linker chain to a pilin domain, which serves to in-
corporate FimH into the fimbria (Figure 3A). As also described
above, when tensile force was applied (in SMD simulations) be-
tween residues in the mannose-interacting pocket on the top of
the lectin domain and residues in the end of the interdomain
linker chain, the linker chain connecting the lectin and pilin do-
mains was extended under force (Thomas et al., 2002). Based
on the functional effect of mutations predicted to facilitate or, al-
ternatively, suppress the linker extension, it was proposed that
the extension of the interdomain linker chain is associated with
the increased binding strength of the pocket. It is important to re-member that the mannose-binding pocket and interdomain
linker are positioned on the opposite sides of the b-barrel-like
lectin domain.
In a later study (Aprikian et al., 2007), it was determined that, in
the absence of the molecular chaperone that is wedged between
the FimH domains (Figure 3A) in the crystal structure, the pilin
domain is able to interact with the lectin domain. Structural
mutations in the interdomain interface that weaken interaction
between the two domains resulted in a dramatic increase in (1)
bacterial adhesion level under static or low shear conditions,
and (2) affinity to mannose under equilibrium conditions (from
KD 300 mM
1 to 1.2 mM1). The highest affinity reached corre-
sponded to the affinity of the purified lectin domain (i.e., in the
absence of the pilin domain).
Thus, the FimH structure/function studies suggested that
tight interaction between the lectin and pilin domains is associ-
ated with a low-affinity conformation of the mannose-binding
pocket, while separation of the domains and linker extension
is associated with a high-affinity conformation of the pocket.
This, in turn, implies that the interdomain interface might be
allosterically linked to the binding pocket, i.e., a structural
change in the interdomain region is structurally coupled to
the binding site.
The most direct evidence for the allosteric properties of FimH
came from the studies where a monoclonal antibody was
identified that recognized the purified lectin domain and the
high-affinity binding pocket FimH mutants, but bound to the
wild-type FimH only in the presence of soluble or surface-immo-
bilized mannose, under static conditions with no force applied
(Tchesnokova et al., 2008). The ligand-induced binding site
(LIBS) epitope was mapped to the interdomain region of the lec-
tin domain, i.e., far away from the mannose-binding pocket.
Moreover, binding of the antibodies (or Fab fragments) to the
LIBS results in a 50-fold increase in affinity of the wild-type
FimH toward mannose, effectively locking FimH in the high-affin-
ity conformation. Thus, mannose binding increases antibody
binding to the interdomain interface, while antibody binding
between the domains increases mannose binding. Such ‘‘reci-
procity’’ of the structural events is a hallmark of allosteric pro-
teins, proving that there is an allosteric link between the man-
nose-binding pocket and the interdomain configuration of FimH.Cell Host & Microbe 4, October 16, 2008 ª2008 Elsevier Inc. 317
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cally regulated protein that exists in two interchangeable confor-
mational states: a low- and a high-binding state to mannose. In
the low-binding state, the FimH domains interact with each
other, and the mannose-binding pocket is in the low-affinity con-
formation (Figure 4A). In the high-binding state, the domains are
separated, and the binding pocket is in the high-affinity confor-
mation (Figure 4B). Any external factor that would keep the do-
mains in the separated conformation will keep the binding
pocket in its high-affinity conformation. Such factors could be
structural mutations in or antibodies against the interdomain in-
terface. More importantly, such a factor could also be ‘‘tensile
force,’’ which is applied via the bound mannose thereby keeping
the domains separated and thus, keeping the mannose-binding
strong (Figure 4C). This provides a structural explanation for the
shear-enhanced FimH-mannose catch bond that explains all
available data. One needs to note that despite the strong evi-
dence for the allosteric mechanism of FimH catch bonds, no
high-resolution structural details of the conformational link be-
tween the interdomain interface and binding pocket configura-
tions have been elucidated to date. SMD simulations, however,
suggest that two binding pocket conformations exist that are
distinct in the force-bearing hydrogen bond networks that the
mannose ring can form with the base of the binding pocket (Nils-
son et al., 2008).
Here, it is also important to mention that the structural proper-
ties of the fimbrial rod could have been evolutionary adapted to
optimize the catch-bond properties of FimH (Forero et al.,
2006). The body of type 1 fimbriae consists of the 18 kDa FimA
subunit, which forms the spiral-shaped rod with 3.4 subunits
per coil. Under a certain level of tensile force, the quaternary struc-
ture of the rod is uncoiled and the fimbrial length can be stretched
8-fold (Forero et al., 2006; Miller et al., 2006). Upon a drop in the
force, the rod springsback. Uncoiling/recoilingof the fimbria isex-
Figure 4. Schematic Representation of Putative Allosteric States
of FimH
(A)–(C) The pilin domain is the lower part of the blue-filled structure, and the
lectin domain is above, with the mannose-binding site being an indent on
the top and mannose ligand represented by the black-filled oval. (A) shows
the low-binding state, (B) the high-binding state (transient), and (C) the high-
binding state sustained by tensile forces (block arrows). Note the structural
details of the conformational link between the interdomain interface and man-
nose-binding pocket are currently unknown. While the wide and narrow con-
figurations of the binding pocket correspond to low and high affinities, respec-
tively, of the mannose-binding, alternative conformational associations have
been proposed (Nilsson et al., 2008).318 Cell Host & Microbe 4, October 16, 2008 ª2008 Elsevier Inc.pected to happen under variable shear conditions. Uncoiling of
the fimbria is likely to dampen the mannose bond-breaking effect
of high shear forces even when the adhesin is shifted to the high-
affinity state. At the same time, if the shear drops to low levels, the
fimbrial recoiling would maintain a residual level of mechanical
tension on the bond, preventing its fast backshift from the high-
to the low-binding state. Thus, though the shear-enhanced bind-
ing can be accomplished by nonfimbrial forms of FimH (by using
FimA-free fimbrial tips, for example [Aprikian et al., 2007]), the
mechanical properties of the fimbrial rod appear to be tuned to
sustain bacterial adhesion under pulsatile flow conditions.
Proposed models of selectin catch bonds. Like FimH, selec-
tins have two key domains: a lectin domain that binds the LewisX
carbohydrate ligand (in PSGL-1) and the EGF domain (neighbor-
ing the lectin domain), which serves to anchor the receptor to the
endothelium or leukocytes. According to the crystal structures,
the two selectin domains interact with each other and assume ei-
ther a bent or a straightened configuration (Figure 3B) (Somers
et al., 2000). It was hypothesized that the hinge angle between
the two domains acts to regulate the binding strength (Somers
et al., 2000). Later, it was proposed that the domains’ straighten-
ing by tensile force could explain catch-bond formation by selec-
tins (Konstantopoulos et al., 2003). Indeed, a point mutation
introduced in L-selectin that was predicted to eliminate a key hy-
drogen bond favoring the bent conformation, reduced the shear
threshold for adhesion under flow, and, in biomembrane force
probe experiments, increased binding at low force (Lou et al.,
2006). Also, SMD simulations have predicted that mechanical
force would straighten an interdomain hinge angle in selectins
(Lou and Zhu, 2007).
The apparent force-induced interdomain conformational
change in selectins from bent to straightened configuration is
analogous to the force-induced switch in FimH from the interact-
ing to separated domain configuration. Indeed, it remains possi-
ble that the putative domain-domain interaction in FimH also
results in a bent conformation that straightens and separates un-
der force. Thus, selectin catch bonds may also be allosterically
regulated, where the straightening of the interdomain region is
structurally coupled to the PSLG-1 pocket thus regulating the
shift from low to high-affinity conformation. Indeed, the idea of
allosteric regulation by the hinge angle is supported by the
fact that when an oligosaccharide moiety was introduced into
P-selectin to wedge the hinge angle open, an increase in the
affinity and lifetime of selectin-PSGL-1 bonds was observed in
cell adhesion assays and in surface plasmon resonance kinetic
studies of isolated receptor variants, which do not generate sig-
nificant drag force (Phan et al., 2006). However, the effect on
catch-bond behavior of mutations altering the receptor was not
determined. Moreover, no monoclonal antibody studies or other
means have been pursued so far that would differentially recog-
nize and lock in the open interdomain configurations of this sys-
tem in solution. Thus, reciprocity between these configurations
and low- and high-affinity conformation of the binding pocket
has not yet been established, which leaves it open whether the
selectin-PSGL-1 catch bond is allosterically regulated.
The importance of the interdomain hinge straightening in
enhancing selectin binding under force has prompted the
advancement of an alternative, sliding-rebinding model of the
selectin catch bond (Lou et al., 2006; Lou and Zhu, 2007).
Cell Host & Microbe
ReviewAccording to this model, at low force, the ligand bound to the
bent receptor would be pulled directly away from the pocket un-
til complete unbinding (without the interdomain straightening),
and so the lifetime would reflect the initial binding state, which
is short-lived. However, higher forces would cause the opening
of the hinge angle that, in turn, would align the ligand-binding
pocket to be parallel to the direction of force. The ligand would
then be pulled so that it slides along the binding face of the
straightened receptor, allowing new binding contacts to be
formed in the pocket, thus prolonging bond lifetime. This con-
cept was supported by SMD simulations that showed that
when the hinge angle between the domains had been opened,
the ligand slid within the binding pocket and formed new con-
tacts (Lou and Zhu, 2007). The authors also hypothesize that,
in the course of hinge opening, reversible unbinding and rebind-
ing of the original or newly formed interactions would occur, fur-
ther contributing to the increased bond lifetime. This model was
suggested to be experimentally supported by a demonstration
that a mutation predicted to straighten the hinge angle had the
effect of increasing bond lifetime at forces too low to straighten
the hinge angle in the native selectin (Lou et al., 2006). One
needs to note, however, that these experimental data do not
contradict the allosteric model for selectin catch bonds since,
while it correlates the hinge angle to increased binding, the un-
derlying mechanism by which the hinge angle enhances binding
has not yet been determined. Incidentally, it was stated that the
sliding-rebinding model also contains an allosteric element
based on the fact that force acting on a remote site (hinge) leads
to a novel ligand-binding interface. One can argue, however,
that no conformational change of the binding pocket structure
is postulated by the sliding-rebinding model, and that therefore
such a mechanism cannot be called allosteric according to the
classical definition of allostery.
Thus, both the sliding-rebinding model and the allosteric
model place importance on a structural change in conformation
of the interdomain region of selectins but differ significantly, as
the sliding-rebinding model does not require that a conforma-
tional change in the binding pocket will occur in response to
the hinge straightening. Future studies are needed to clarify the
mechanism by which selectins catch their ligands.
Potential for Allosteric Catch-Bond Properties of Other
Adhesins
While cofactor-regulated allosteric proteins are common, me-
chanical perturbations in a remote site in a protein could play
a role analogous to that of cofactors. This possibility prompts
the question of whether additional adhesive systems might
have allosteric properties. The basic requirements for the
FimH-like allosteric model are (1) a multidomain structure of
the receptor protein that includes minimally a binding and an an-
choring domain, (2) the ability of the binding domain to interact
with the anchoring domain, (3) the location of the ligand-binding
pocket away from the interdomain interface, and most impor-
tantly, (4) the ability of the binding pocket to change its confor-
mation from a low- to a high-bond strength when the domains
separate and/or switch to a straightened orientation, both of
which would be favored by tensile force.
One large class of potential catch-bond forming adhesive re-
ceptors is that of integrins, the allosteric properties of whichhave been characterized in great detail. The integrin family of
proteins is involved in cell adhesion and cell-to-cell signaling
processes. Integrins are dimeric molecules with more than
a dozen domains, multiligand binding, and complex bidirectional
regulatory properties. Despite the complexity of integrins relative
to FimH, there are some stunning similarities in the allosteric
properties of the two adhesive proteins, specifically in their
LIBS-associated characteristics. Actually, LIBS were originally
described and thoroughly studied in integrins (Frelinger et al.,
1991; Khaspekova et al., 1996; Luo et al., 2004), where they
are positioned far from the binding pockets and are found in
both binding and nonbinding domains, usually close to the inter-
face between domains. Integrin LIBS become exposed upon
binding of fibrinogen, fibronectin, collagen, or Mg++/Mn++ to
the integrin a-I/A and b propeller domains in the a subunit or
the b-I/A domain in the b subunit (Frelinger et al., 1991; Khaspe-
kova et al., 1996; Luo et al., 2004). The binding domains are dis-
tally positioned, forming the integrin’s ‘‘head’’ (Figure 3C). The
ligand (or cation) binding results in integrin activation—a ‘‘jack-
knife’’-like switch from a bent conformation of integrins with
low affinity toward the ligands, to a straightened high-affinity
conformation (Figure 3C) (Mould et al., 2002; Arnaout et al.,
2005). As in FimH, antibody binding to the exposed LIBS sus-
tains the high-affinity conformation of integrins (Humphries,
2000). Because the bent-to-open quaternary change in the in-
tegrins would also be facilitated by a tensile mechanical force,
it has recently been suggested that mechanical regulation can
activate integrins, making them catch bonds (Chigaev et al.,
2003). Indeed, some recent studies provided experimental sup-
port for force-enhanced integrin function (Katsumi et al., 2005;
Astrof et al., 2006; Alon and Dustin, 2007; Woolf et al., 2007).
Also, SMD simulations have suggested specific hypotheses for
how force activation of integrins might occur (Jin et al., 2004;
Puklin-Faucher et al., 2006). Still, no direct evidence has been
obtained yet that integrins do indeed form catch bonds.
Based on its functional similarities with allosteric properties of
FimH (and integrins), another cell adhesion protein—galactose/
N-acetylgalactoseamine-specific calcium-dependent lectin
(mMGL) on macrophages and lymphocyte—might form catch
bonds. Indeed, in mMGL, a so-called LOM-11 epitope becomes
accessible once the adhesin is activated, by either calcium bind-
ing or ligand binding (Kimura et al., 1995). Antibody binding to
this LIBS stabilizes the lectin in an ‘‘active’’ conformation so
that the lectin is able to bind ligands even under low-calcium
conditions. Like FimH, and indeed the majority of cell-adhesion
receptors, mMGL has separate carbohydrate-binding and cell-
anchoring domains (Sato et al., 1992).
A similar allosteric mechanism could be involved in platelet ad-
hesion via glycoprotein Ib to the multidomain protein von Wille-
brand factor, which occurs only under high shear stress. Binding
of the glycoprotein Ib to von Willebrand factor has also been
shown to be enhanced by antibodies that bind to a domain
neighboring the glycoprotein-binding domain (Ulrichts et al.,
2004, 2006), by removal of this neighboring domain (Ulrichts
et al., 2006) and by many point mutations that are near the an-
choring termini and distal from the major glycoprotein Ib-binding
site (Huizinga et al., 2002). Furthermore, the interaction of T cells
with antigen-presenting cells, where stabilization of the receptor
subdomain conformation is associated with increased longevityCell Host & Microbe 4, October 16, 2008 ª2008 Elsevier Inc. 319
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ric catch-bond formation.
Shear-enhanced bacterial adhesion was shown to be medi-
ated by the digalactose specific P-fimbriae of E. coli, involving
a 32 kDa PapG adhesin (Nilsson et al., 2006). Like FimH, PapG
is positioned on the fimbrial tip and has two domains—a li-
gand-binding and a fimbriae-anchoring one. Though only the
structure of the former has been resolved (Dodson et al.,
2001), it is clear that the galactose(1-4)galactose binding pocket
is positioned away from the putative interdomain interface. Thus,
there is good reason to postulate that the shear-enhanced bind-
ing might involve allosteric catch-bond properties of PapG, but
this needs to be investigated. Interestingly, the uncoiling/recoil-
ing properties of the P-fimbriae have been demonstrated as
well (Fa¨llman et al., 2005; Jass et al., 2004).
Finally, we expect that, beside FimH and PapG, many addi-
tional bacterial adhesins mediate adhesion via a catch-bond
mechanism. For example, a major structural category of fimbriae
(class 1) is similar to the type 1 fimbriae of E. coli and character-
ized by a spiral fimbrial rod, with the adhesive function carried by
the adhesive protein positioned on the very tip of the fimbriae.
These tip adhesins are usually similar to FimH in size and are
either known or predicted to have two domains—one ligand
binding and another fimbria incorporating. Recently, a first chap-
erone-free structure was obtained for a class 1 fimbrial adhe-
sin—CfaE adhesin of CFA fimbriae of enteropathogenic E. coli
(Li et al., 2007). CfaE was crystallized without a bound ligand,
the exact nature of which is yet unknown. In this structure, two
domains have been identified, which tightly interact with one an-
other (Figure 3D). The putative binding pocket for the ligand is
mapped on the top of the binding domain. Thus, if CfaE is able
to form catch bonds via the mechanism proposed for the FimH
two-state allosteric model, the ligand-free crystal structure of
CfaE could correspond to the low-binding state, with a closed in-
terdomain configuration and low-affinity conformation of the
binding pocket. Investigations are currently underway to deter-
mine whether CfaE mediates shear-enhanced adhesion to the
target cells. In addition to fimbrial adhesins, afimbrial adhesins
in bacteria are also usually of a multidomain structure, with sep-
arate binding and cell-anchoring domains (Walsh et al., 2004). As
such, some of these might exhibit allosteric catch-bond proper-
ties as well.
Thus, it appears that a great number of adhesive proteins, on
the surface of both bacterial and human cells, have at least the
potential to act as FimH-like mechanically regulated allosteric
catch-bond adhesins. In some adhesins, interaction between
the binding and anchoring/neighboring domains or even an allo-
steric-like connection between the binding pocket affinity and
the interdomain configuration has already been established.
We propose, therefore, that adhesion mediated by an allosteric
catch-bond mechanisms represents a common phenomenon
in nature, which likely governs many types of bacterial or cell ad-
hesion under shear-derived or other types of mechanical tension.
Among the reasons for a rather slow identification of novel
catch bonds could be the fact that the existence of force-
enhanced adhesive interactions has only recently been appreci-
ated as well as certain technical challenges, including those
involved in studying adhesion dynamics under shear conditions
and especially measuring forces between single molecules. An-320 Cell Host & Microbe 4, October 16, 2008 ª2008 Elsevier Inc.other significant obstacle in identifying catch-bond adhesins
could arise from using natural or lab-induced structural variants
of the receptor protein that do not adequately support shear-
enhanced adhesion. The latter could be a significant problem,
as it takes only a single point mutation to convert a shear-depen-
dent catch-bond-forming receptor variant into a slip bond-like
receptor that mediates strong binding already under static con-
ditions. Such recombinant variants are mentioned above for the
FimH adhesin and selectins. In addition, for FimH, many naturally
occurring variants have been described that arise among uropa-
thogenic strains of E. coli and increase many-fold the binding to
mannose and uroepithelial cells under static conditions (Sokur-
enko et al., 1998, 2004). Such mutations appear to be adaptive
for colonization of the urinary tract, where shear is estimated to
be low (e.g., 0.17 dyn/cm2 in the renal tubule), with the exception
of the urethra in the course of urination, where shear is likely to be
around 3–5 dyn/cm2. Furthermore, mutations that confer shear-
independent properties might be selected under laboratory
conditions, because they provide an adhesive phenotype that
is easily observable by the investigator. To avoid this potential
problem with natural or lab-induced mutations, comparative
analyses of the function of several different natural variants of
a particular receptor need to be undertaken.
Physiological Significance of Catch Bonds
Catch bonds (independent of their mechanism of operation)
have certain physiological advantages over slip bonds:
(1) Catch bonds could provide a mechanism for binding to
surface-anchored ligands much more strongly than to sol-
uble ligands, thus allowing adhesion to surface-bound
ligands even in the presence of ligands in solution. Under
flow conditions, dragging force will induce and sustain the
high-binding state of the receptor in the course of interac-
tion with immobilized ligands. Interaction with soluble
ligands, however, will mostly be via a low-binding state,
because soluble ligands are too small to generate signifi-
cant drag force. In contrast, slip-bond affinity is similar to
both soluble and immobilized forms of the ligand, and ad-
hesion inhibition can be avoided only by an increased
avidity (multiplicity) of the surface interaction. Pharmaco-
logically relevant, soluble inhibitors that prevent bacterial
adhesion under low flow are ineffective at washing off bac-
teria under high flow conditions, while they are effective in
detaching bacteria expressing a slip bond-forming mutant
FimH (Thomas et al., 2002; Nilsson et al., 2006b).
(2) Evolving catch bonds could provide a competitive advan-
tage to help cells resist a wash-off under high flow and, at
the same time, to bind loosely and thus spread along the
surface under low flow. In contrast, binding via slip bonds
leads to slower (or even no) movement at reduced flow,
and increased rolling and detachment at high flow, as
demonstrated by simulations of cell adhesion in flow
(Chang et al., 2000). Stronger adhesion at high flow pre-
sumably allows leukocytes to not become permanently
‘‘stuck’’ on the endothelium surface in areas of low blood
velocity, like capillaries, small arterioles, or venules, and at
the same time to stay attached and patrol the endothelium
by rolling in the vessels, where the flow is relatively high.
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with bacteria expressing wild-type FimH (that is able to
mediate surface rolling), rather than shear-independent
mutant FimH (that mediates constant firm adhesion) (An-
derson et al., 2007).
(3) Catch bonds could provide a means for migrating or inter-
acting eukaryotic cells to modulate the strength of inter-
action via changing mechanical tension in the foci of
adhesive contacts. Cell migration involves a continuous
process of membrane protrusions, traction, and retrac-
tion, driven by rearrangement of the actin cytoskeleton
inside the cell. The assembly/disassembly of the cyto-
skeleton and the power strokes of myosins create variable
mechanical tension in the adhesive interactions. Catch
bonds could facilitate rapid dynamics in the attachment
and detachment of cell tethers by modulating the level
of tensile force on the adhesive bonds. Here, the known
catch-bond properties of actin-myosin interactions could
be coupled with the proposed catch-bond properties of
integrins.
(4) Catch bonds could provide a means to increase on rates
but decrease off rates of binding. Indeed, if a receptor pro-
tein can assume weak- and strong-binding states, these
states could be associated with a relatively loose and tight
conformation, respectively, of the binding pocket. In addi-
tion to effects on the binding strength, binding pocket
conformation could affect kinetics. Specifically, if the
pocket is in a loose conformation, this would allow fast en-
try and exit of the ligand (resulting in high on and off rates),
while a tight pocket would slow entry and exit (resulting in
low on and off rates). Indeed, recent kinetic studies
support this notion for FimH (Tchesnokova et al., 2008).
Because initial interaction of the receptor with the ligand
occurs via the weak-binding state, which is able then to
convert into the strong-binding state, this would ensure
high on but low off rates of attachment, making the attach-
ment initiation more efficient.
It is as yet unclear, however, to what extent these proposed
properties of catch-bond adhesion are physiologically relevant.
Conclusion
The phenomenon of tensile force-enhanced, catch-bond adhe-
sion is only beginning to be unraveled. We would like this review
to stimulate the discovery of additional catch-bond interactions
as well as to facilitate further studies into the detailed structural
mechanisms of how the various catch bonds described really
work. For example, for the allosteric mechanism we need to de-
fine the currently unknown structural pathway of the conforma-
tional link between the binding pocket and the remote interdo-
main interface. To accomplish this, additional, more focused
crystallography, NMR, and computer simulation studies must
be undertaken. However, what we already know about allosteric
catch bonds allows for a shift in the paradigm as to how we can
best exploit our understanding of these adhesive interactions. In
particular,
(1) specific attention should be devoted to the design of ad-
hesion inhibitors that act allosterically and that can eitherprevent a shift from a low- to high-binding state, or to in-
duce reversion of high- to low-binding state (i.e., to de-
stroy bonds already formed). Such inhibitors would target,
for example, the interdomain interface or conformational
pathway between the interface and binding pocket. By
the same token, allosteric compounds could be designed
to enhance the adhesion, if desirable, by promoting and
sustaining the switch from the low- to high-binding state;
(2) also, the use of bacterial adhesins or adhesive domains
for vaccines needs to be re-evaluated taking into account
the possibility that potential LIBS epitopes might elicit
antibodies that will enhance rather than inhibit the binding
properties of the adhesin. While it will increase the sensi-
tivity of the adhesin to inhibition by soluble ligands, para-
doxically, this type of anti-adhesin antibody will likely in-
crease significantly the adhesive strength.
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